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Abstract

Modeling studies were conducted on low pressure plasma sprayed (LPPS) NiAl top coat applied to
an advanced Cu-8(at.%)Cr-4%Nb alloy (GRCop-84) substrate using Ni as a bond coat. A thermal
analysis suggested that the NiAl and Ni top and bond coats, respectively, would provide adequate
thermal protection to the GRCop-84 substrate in a rocket engine operating under high heat flux
conditions. Residual stress measurements were conducted at different depths from the free surface
on coated and uncoated GRCop-84 specimens by x-ray diffraction. These data are compared with
theoretically estimated values assessed by a finite element analysis simulating the development of
these stresses as the coated substrate cools down from the plasma spraying temperature to room
temperature.

Introduction

The National Aeronautics and Space Administration (NASA) is currently developing new
technologies for use in the next generation of reusable launch vehicles (RLVs). Advanced copper
alloys, such as the Cu-8(at.%)Cr-4%Nb (GRCop-84) [1], are being considered for use as liner
materials in the combustion chambers and nozzle ramps of these new engines [2,3,4,5]. However,
previous experience has shown that copper alloys are subject to a process called “blanching” in
rocket engines using liquid hydrogen and liquid oxygen [6]. Furthermore, copper alloy liners
undergo thermo-mechanical fatigue, which often results in an initially square cooling channel
deforming into dog-house shape. Clearly, there is an urgent need to develop new coatings
technology to protect the copper liners from environmental attack inside a rocket chamber and
lower its temperature to reduce the probability of deformation and failure by thermo-mechanical

fatigue.

NASA’s Glenn Research Center (GRC) is actively developing and characterizing several advanced

protective coatings for applying on GRCop-84 liners and nozzle ramps. Nickel aluminide, (NiA 2
was chosen as the top coat in this study because of its relatively low density (5900 { good /“"“d:‘:

thermal conductivity (80 W/m/K) and excellent oxidation properties [7]. These desirable
characteristics make it a potential candidate for further evaluation as a protective top coat for
advanced copper alloys. Additionally, thermal modeling studies suggest that NiAl is likely to be an
effective top coat for a GRCop-84 substrate under the high heat flux conditions characteristic of a
rocket engine combustion chamber [8]. Figure 1 shows the variation of the absolute temperature, T,
at different points across the coating-substrate cross-section as a function of the NiAl coating
thickness, t, for a constant Ni bond coat thickness of 0.05 mm deposited on a 1.0 mm thick GRCop-
84 substrate. The temperatures are calculated assuming a 900 s exposure to a hot gas temperature of
3550 K with about 12,365 and 58,285 W m™ K™ convective heat transfers on the coated hot and
cooled sides, respectively, with the cooling fluid maintained at 97 K. These calculations indicate
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that the NiAl coating thickness should exceed 0.1 mm to ensure that the substrate is maintained
below 788 K for these high heat flux conditions.
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Figure 1: Temperature profile across the NiAI/Ni/GRCop-84 interfaces as a function of the
top coating thickness.

In order to use NiAl effectively as a top coat for GRCop-84, it is essential that the processing
parameters be optimized and the durability of the coating for the expected mission life be
demonstrated. It is expected that the low pressure plasma spraying (LPPS) technique is the most
cost effective way of applying the bond and top coats onto a GRCop-84 substrate. However,
residual stresses develop during LPPS as well as during post-spraying cool down, which are likely
to influence coating life and spalling characteristics. The cool down stresses develop due to a
mismatch in the thermal expansion and mechanical properties of coatings and substrate. The
presence of these residual stresses influences coating spallation, thermal cycling life and fatigue
properties of the coated substrate [9]. This paper presents preliminary experimental results on the
nature and magnitudes of the residual stresses developed in the NiAl top and Ni bond coats as well
as in the GRCop-84 substrates during LPPS. The experimental data are compared with those
predicted by finite element analysis (FEA) assuming that the residual stresses develop primarily as
the coating-substrate cools from the two plasma spraying temperatures to room temperature.

Experimental Procedures

GRCop-84 disks, 12.7 mm in diameter and either 2 or 3 mm thick, were electro-discharge machined
(EDM) from a powder-extruded rod, where the axes of the disks were parallel to the extruded
direction. In order to assess the effect of surface finish on the residual stresses, three 2 mm thick
specimens were prepared to different levels of surface roughness by a combination of polishing and
grit blasting. Two specimens were polished on both sides with emery paper to a final finish on a No.
1000 grit paper. One of these specimens was designated as NASA-1. The other polished specimen,
designated as NASA-2, was grit blasted with 60 grit alumina particles at a pressure of about 70 Pa
for about 2 s per face at a stand-off distance of about 25 mm. A third specimen, designated as PPI-2,
was ground on both sides to a No. 600 grit finish on emery paper. Each face of this specimen was
then grit blasted with 120 grit alumina particles at a pressure of about 620 Pa for about 3 s per face
using a stand-off distance of about 150 mm. X-ray diffraction residual stress measurements were



made on these three specimens at the free surface and at nominal depths up to about 180 pm in
increments of 5§ pm using Mn K, x-ray radiation, where the material was removed from the
specimens by electropolishing to minimize the effects of material removal on the measured values
of the residual stress. These measurements were performed employing the two-angle sin® ¥
technique. The diffraction lines from the (311) planes of the Cu matrix in the GRCop-84 substrate
were analyzed in accordance with the SAE J784a standards. The bulk values of the Young’s
modulus, E, and Poisson’s ratio,v, were used for converting the measured strains to the macroscopic
residual stresses. These data were appropriately corrected for the effects of the penetration of the x-
ray radiation into the substrate and for the relaxation of the stresses during electropolishing due to
material removal.

The Ni bond and the NiAl top coats were deposited on the 3 mm thick specimens by LPPS. The
specimens were grit blasted prior to spraying to remove surface oxides. The nominal thicknesses of
the top and bond coats were 75-100 and 50 um, respectively. Residual stress measurements were
made at different points across the NiAl/Ni/GRCop-84 cross-section of a specimen with a 75 um
thick top coat using the six-angle sin®> ¥ technique. Diffraction lines were analyzed using Cr K,
radiation from the (211) planes of the NiAl top coat, Cu K, radiation from the (420) planes of the
Ni bond coat and Mn K, radiation from the (311) planes of the Cu matrix in the substrate. The
residual stresses were measured at different depths: (a) at the free surface and at a nominal depth of
about 30 pm in the NiAl top coat; (b) at the NiAl/Ni interface lying approximately 40 um from the
free surface; and (c) at the Ni/GRCop-84 interface and within the substrate corresponding to
approximate depths of 100, 130 and 165 pm, respectively, from the free surface.
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Figure 2: Finite element mesh lying across the r-z plane of the coated disk.

Modeling Procedures

The accumulated residual stresses developed during cool down after LPPS were calculated by FEA
using published thermophysical and temperature dependent mechanical properties data for NiAl, Ni
and GRCop-84. Other stresses, such as quenching stresses when the molten droplets splat cool after
hitting the substrate, are ignored. Finite element meshes of the various layers were constructed with
2-D axisymmetric eight node elements. The interfaces were assumed to be flat and the edge effects
are ignored. A typical finite element mesh is shown in Fig. 2 for a substrate thickness of 1 mm. The



stresses and strains within each layer were determined using elastic-plastic and power law creep
analyses. Since the actual temperature-time profile was not measured in this study, the temperatures
through the top and bond coats and the substrate were calculated assuming that all the layers were at
two maximum temperatures of either 523 or 923 K for 200 s during LPPS. The subsequent cool
down from these uniform temperatures to room temperature was assumed to occur by natural
convection.

Results and Discussion

Figure 3 shows the as-polished cross-section of the LPPS coated substrate, where the top and bond
coats were about 100 and 50 pm, respectively. The characteristic layered microstructure typical of
the as-sprayed coating is visible in the NiAl top coat. The Ni bond coat was essentially void free but
some small cavities were observed in the NiAl top coat although their volume fraction was not
quantitatively determined. The top and bond coats were generally defect-free along their lengths
except in some isolated instances, where an occasional void was observed.

Figure 3: Micrograph of the cross-section of an as-sprayed GRCop-84 substrate showing the
microstructures of the NiAl top and the Ni bond coats, respectively.

Figure 4 shows the variation of the residual stresses with depth from the free surface for NASA-1,
NASA-2 and PPI-2. The curves represent an eight order polynomial regression fit to the
experimental data. A close examination of the data reveals certain common trends as well as clear

distinctions in the experimental data for these specimens. For example, the residual stresses in all
three specimens are compressive in nature below the free surface to depths of 0.18 mm. Extensions
of the polynomial curves suggest that the residual stresses are likely to become tensile in nature
slightly beyond 0.25 mm for all three specimens. Likewise, the regressed curves exhibit points of
minimum stress located some distance from the free surface. These minima occur at 7.5, 30 and 60
um for NASA-1, NASA-2 and PPI-2, respectively, with the corresponding residual stresses being
—~110, -170 and —145 MPa. At the free surface, both the grit-blasted specimens, NASA-2 and PPI-2,
exhibit low or no measurable stresses unlike the as-polished specimen, NASA-1, which has a
compressive stress of about ~100 MPa. Although the initial stress gradients are somewhat different
prior to the minima for the grit-blasted specimens with NASA-2 exhibiting a steeper gradient, the
magnitudes and shapes of the curves are almost identical for these two specimens beyond the
minima. In contrast, the stresses are less compressive in NASA-1 beyond a depth of 23 um with the

stress depth profile showing a near plateau between 50 and 150 pm.
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Figure 4: Depth profiles of the measured radial residual stresses in polished and grit
blasted GRCop-84 disks.

These residual stresses take into consideration the residual stress histories in the substrate from
surface preparation prior to LPPS. The solid line represents the situation where there is no prior
residual stress in the substrate, whereas the curves marked NASA-1, NASA-2 and PPI-2 predict the
stresses when the prior residual stress gradients are identical to those shown in Fig. 4. It is evident
from Fig. 5 that the prior stress history of the substrate has no effect on the nature and magnitudes
of the residual stresses which develop in the top and the bond coats. Both coatings exhibit
compressive residual stresses after cool down to room temperature with their magnitudes being
about —80 and -35 MPa in the NiAl top and Ni bond coats, respectively. Since NiAl is brittle at
room temperatures, the existence of a compressive stress is desirable to prevent spallation of the top
coat. However, the nature and the magnitudes of the residual stresses in the GRCop-84 substrate are
acutely sensitive to its prior residual stress history. In the absence of prior residual stresses in the
substrate, a small constant tensile stress of about 10 MPa develops on cooling the coated substrate
from 523 K to room temperature. The existence of pre-LPPS residual stresses in the GRCop-84
leads to the development of relatively large and steep cool down compressive stress gradients close
to the Ni/GRCop-84 interface with their minima varying between —160 and —100 MPa. The stresses
subsequently become tensile in nature attaining values between 30 MPa for NASA-1 and 35 MPa
for both NASA-2 and PPI-2 specimens.
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Figure 5: Calculated in-plane residual stresses across the cross-section of a NiAI/Ni/GRCop-84
disk, with the specimen cooled down from 523 K after LPPS.
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‘Figure 6: Calculated in-plane residual stresses across the cross-section of a NiAl/Ni/GRCop-84
disk with the specimen cooled down from 923 K after LPPS.

The calculated residual stress gradients are vastly different if the specimens cool down from a
temperature of 923 K and the coatings and the substrate are allowed to creep (Fig. 6). The NiAl top
coat develops a reduced compressive stress of about =50 MPa irrespective of the prior residual



stress history of the substrate compared to the results shown in Fig. 5. In contrast, the magnitudes
of the compressive residual stresses in the Ni bond coat are now dependent on the prior residual
stress history of the substrate with compressive stresses ranging from ~185 for the NASA-2 finish to
—140 MPa for the condition with no prior residual stress history. In the case of the substrate, the
residual stresses rapidly become tensile in nature at the Ni/GRCop-84 interface when the substrate
has no prior stress history. Otherwise, the stresses are compressive with an almost constant value of
about ~80 MPa close to the Ni/GRCop-84 interface before rising steeply to almost constant tensile
stresses varying between 30 and 40 MPa for the various surface finishes.

Figures 5 and 6 suggest that the brittle NiAl top coat would develop compressive residual stresses
as the coated substrate cools down after LLPS. Therefore, it is not expected to form tensile cracks
during cool down. An examination of Fig. 3 confirms that there are no noticeable cracks in the
NiAl top coat consistent with the above calculations.
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Figure 7: Comparison of the experimental and calculated residual stresses at different points
across the NiAl/Ni/GRCop-84 cross-section assuming that the initial specimen temperatures
were 523 and 973 K for the cases with and without a prior residual stress history.

Figure 7 compares the predicted residual stress values for a 3mm thick substrate coated on both
sides with the experimental data. The prior stress history profile in the substrate is assumed to be
similar to that in NASA-2 (see Fig. 4). The mid-section of the specimen represents the reference
point in Fig. 7.The symbols represent the uncorrected experimentally measured residual stresses in
the various layers, whereas the curves represent the calculated values for maximum top coat
temperatures of 523 and 923 K. Except for the one datum point obtained at the surface of the NiAl
top coat, all other in-depth uncorrected measurements presumably are lower than the true values.
An examination of Fig. 7 reveals that the experimentally measured data are compressive in nature in
all the layers up to the depths of measurement. They are closer in agreement with the predicted
magnitudes of the stresses in the substrate for both temperatures for the case when no prior residual
stresses are assumed to exist. However, the agreement is poor if it is assumed that the substrate
possesses a prior residual stress profile due to grit blasting (see Fig. 4) thereby indicating that
significant recovery has occurred in the substrate during the LPPS process. As for the stresses in the
NiAl top coat, the experimental data are less compressive than the predicted stresses. Hence, other



contributions presumably due to splat cooling of the droplets and “peening” effects as each new
coating layer is deposited on top of a previous one must also be considered [10].

Summary

The residual stresses developed in a NiAl/Ni/GRCop-84 composite as it cools after low pressure
plasma spraying has been modeled. The predicted stresses are compared with those measured
experimentally by x-ray diffraction. These stresses were observed to be in compressive in nature. It
is demonstrated that the calculated and the experimental results are in reasonable agreement in the
substrate but not in the NiAl top coat.
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